Macrophages are considered as main cellular target encountered by the facultative intracellular bacterium Salmonella typhimurium. However, in orally infected mice these pathogens are first internalized by dendritic cells (DCs) that are located in the subepithelial dome of Peyer's patches. Moreover, DCs can penetrate the intestinal epithelium to sample bacteria. Here, we examined the interaction of Salmonella with bone marrow-derived DCs (BM-DCs). In order to study the role of DCs as vehicles for the dissemination of Salmonella, an in vitro model was established. In this model, Salmonella-activated BM-DCs enhanced surface expression of MHC class II and costimulatory molecules. We found that, upon maturation, BM-DCs upregulated chemokine receptor 7 (CCR7) mRNA and surface molecule expression. Salmonella-exposed DCs as well as mature DCs, but not immature DCs, were recruited towards the CC chemokines CCL19 and CCL21, two ligands of CCR7. The maturation process of DCs did neither require bacterial internalization nor viability. About one third of the migrated BM-DCs harbored intracellular bacteria, whereas the remaining two third did not contain bacteria. Salmonella, but not an apathogenic E. coli laboratory strain was capable to survive within BM-DCs. Taken together, our data implicate that DCs are first activated and subsequently utilized as carriers by Salmonella.
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Introduction
epithelium overlaying the Peyer's patches [17] , whereas CCL19 and CCL21 are produced in Salmonella typhimurium is a Gram-negative bac-secondary lymphoid organs by T zone stromal terium that causes a localized infection of the cells [16, 18] . CCL21 is secreted by high endogastrointestinal tract in humans and a systemic thelial venules (HEVs) [19] . infection in mice [1] [2] [3] . Murine salmonellosis has Although uptake of Salmonella by DCs has been widely used as a model system for the life-been extensively demonstrated [6, [20] [21] [22] [23] [24] , the threatening human disease typhoid fever that is interaction of Salmonella with DCs resulting in caused by S. typhimurium [4, 5] . In infected mice, bacterial spread are poorly understood. It was S. typhimurium invades the intestinal mucosa the aim of this study to investigate the role of mainly through specialized epithelial cells, DCs for the transport of Salmonella. Since tissuecalled M cells, colonizes the Peyer's patches, derived DCs can only be isolated in small numspreads to the mesenteric lymph nodes and bers, bone marrow-derived DCs (BM-DCs) were finally disseminates to the spleen and liver [3] . generated in the presence of granulocyte/macroRecent investigations have demonstrated that phage colony-stimulating factor (GM-CSF) and Peyer's patch dendritic cells (DCs), but not used in this work. Here, we show that (i) S. macrophages, are the first cells that internalize typhimurium induced the maturation and CCR7 Salmonella after bacterial invasion through M expression of immature DCs, (ii) Salmonellacells [6] . In addition, CD18-expressing phago-activated DCs migrated to increased concencytes including DCs are involved in an M-cell-trations of the CCR7 ligands CCL19 and CCL21, independent pathway that permits bacterial (iii) maturation and migration of Salmonella-actransit across the intestinal epithelium [7] . DCs tivated DCs did not require bacterial inlocated in the lamina propria are capable to open ternalization nor viability, and (iv) Salmonella cothe tight junctions between epithelial cells, send localized with one third of the migrated DCs. dendrites into the lumen of the gut and directly The results obtained here implicate that DCs sample bacteria [8] . In contrast to the M cell-serve as vehicles exploited by Salmonella for dependent invasion by Salmonella this alternat-bacterial dissemination. ive route does not require virulence proteins that are translocated into the host cell cytosol by the Salmonella pathogenicity island (SPI)-1 Results encoded type III secretion system [2] .
DCs play a critical role in the initiation and Salmonella induces CCR7 expression in regulation of immune responses against micro-BM-DCs bial pathogens [9, 10] . Immature DCs at the mucosal sites are equipped with a high endocytic Chemokine receptors are considered as crucial capacity that enables them to efficiently capture factors for DC migration. We first analysed the and process exogenous antigens. Upon contact expression of CCR7 surface molecules in nonwith antigens, DCs upregulate their surface ex-activated BM-DC cultures and BM-DC cultures pression of MHC and costimulatory molecules activated by LPS or Salmonella. Low levels of and evolve towards a mature state [9, 11] . Mat-CCR7 expression were observed in the nonuration of DCs is paralleled by their migration activated cells (Fig. 1) . This CCR7 expression is [12, 13] . The ability of DCs to migrate from areas likely due to the presence of intermediate and of antigen uptake to the T cell areas of secondary mature DCs in the BM-DC culture. Salmonella lymphoid organs depends on the regulated or LPS stimulation induced the up-regulation of up-and downregulation of chemokine receptors the CCR7 surface molecule expression (Fig. 1 ) on their cellular surface. These receptors enable as well as of others maturation markers such as cells to move along chemotactic gradients CD40, CD80, CD86 or MHC II (data not shown). formed by the corresponding ligands [14, 15] . Three chemokines and their cognate receptors have been suggested to play a central role in DC Salmonella-activated immature BM-DCs trafficking to mucosal surfaces and lymphoid and mature BM-DCs upregulate CCR7 organs, namely, CCL20 and its receptor CCR6 as well as CCL19 and CCL21 and their common BM-DCs culture represent a heterogeneous population of DCs. We found that the mature receptor CCR7 [12, 13, 16, 17] . In the intestine, Salmonella induces migration of immature BM-DCs towards the chemokines CCL19 and CCL21
In the next set of experiments, the migratory capacity of immature and mature BM-DCs towards the chemokines CCL19, CCL20, and CCL21 was assessed by an in vitro chemotaxis assay. Mature, but not immature BM-DCs were chemoattracted by the CCR7 ligands CCL19 and CCL21 [ Fig. 3(A) ]. However, both immature and mature BM-DCs did not respond to the CCR6 ligand CCL20. This was consistent with RT-PCR data that showed the absence of CCR6 mRNA expression in immature and mature DCs (data not shown). After exposure to Salmonella immature BM-DCs were chemoattracted by CCL19 . Induction of CCR7 gene expression with Salmonella either in the presence or absence was detected in Salmonella-exposed BM-DCs. of cytochalasin D. This drug induces depolyHowever, upregulation of CCR7 mRNA was merisation of F-actin and has been described to also induced by the stimulation of BM-DCs with inhibit bacterial invasion in a dose-dependent LPS [ Fig. 2 (B), lane 4], TNF or CD40L (data not matter, while bacteria still attach to the cell shown). These data show that CCR7 expression surface [9] . The inhibitory effect of cytochalasin reflects a general feature of mature BM-DCs that D on the migration of mature BM-DCs was reversed by washing the cells with PBS (Fig. 4 ). is also induced by exposure to Salmonella. Exposure to Salmonella induced migration of CCR7, MHC class II, and costimulatory molecules by BM-DCs (data not shown) nor immature BM-DCs towards increased concentrations of the CCR7 ligands CCL19 and CCL21. induce migration of BM-DCs towards CCL19 and CCL21 (Fig. 4) . Finally, the migratory capIn addition, immature BM-DCs exposed to Salmonella in the presence of cytochalasin D were acity of mature BM-DCs was not increased after exposure to Salmonella either in the presence also chemoattracted by CCL19 and CCL21 after removal of this reagent by washing the cells or absence of cytochalasin D (Fig. 4) . These observations indicate that surface expression of with PBS (Fig. 4) . Coincubation with heat-killed Salmonella also induced migration of BM-DCs CCR7 and subsequent migration of immature BM-DCs towards the chemokines CCL19 and towards CCL19 and CCL21 (Fig. 4) . However, coincubation of immature DCs with polystyrene CCL21 is triggered by the interaction of microbial particles with BM-DCs. However, this beads did neither alter surface expression of To compare the intracellular survival of Salmonella typhimurium and E. coli within DCs, the number of viable intracellular bacteria was
Migrating BM-DCs harbor Salmonella determined using the gentamicin protection assay. CD11c + sorted BM-DCs were monitored To investigate whether DCs were capable in for viability, and no cytotoxic effects were transporting Salmonella, BM-DCs that had traobserved after infection (data not shown). versed the membrane separating the upper from Salmonella were recovered from BM-DCs for the lower chamber of the chemotaxis assay for up to 72 h after infection, and the uptake of CCL19 and CCL21 were recovered and analysed bacteria was 100-fold reduced in the presence for the presence of GFP-expressing Salmonella.
of cytochalasin D. In contrast, survival of E. Intracellular bacteria were detected in one third coli was dramatically reduced in BM-DCs at of the migrated BM-DCs (Fig. 5 ). Of these, 10% 12 h and 24 h after infection and no viable harbored one single bacterium, 60% internalized bacteria were recovered later than 24 h after two to five bacteria, and in the remaining 30% infection (Fig. 6 ). Detection and enumeration more than five bacteria were found (Table 1) .
of intracellular bacteria using immunofluorUp to 16 bacteria were found to colocalize with escence and confocal laser scanning microscopy a single migrated cell. However, almost 70% of confirmed these findings (data not shown). the Salmonella-exposed migrated BM-DCs were not associated with bacteria.
This observation indicates that so far unknown 
Discussion
We provide experimental evidence that DCs are capable to transport internalized Salmonella from one location to another. To mimic physiological conditions, BM-DCs were generated that resemble the CD11c-positive/CD11b-positive/ CD8 -negative myeloid DCs present in the lymphoid organs of mice. In this study, we dissected the complex interaction of Salmonella with DCs leading to the recruitment of Salmonellaexposed DCs towards the chemokines CCL19 and CCL21 that are secreted in secondary lymphoid organs. Expression of the surface receptor CCR7 on DCs was found to be crucial for DC migration. Maturation and migration of DCs does not require viable Salmonella nor bacterial internalization. After bacterial uptake by BM-DCs, Salmonella, but not E. coli, is capable to survive within these cells. However, in contrast to Salmonella-infected macrophages, no increase of the number of intracellular bacteria Figure 5 . Chemoattracted BM-DCs harbor Salmonella. was observed in Salmonella-infected DCs. In-FACS-sorted immature BM-DCs were infected with terestingly, only one third of the recruited DCs Salmonella expressing GFP at a MOI of 10 and subcontain Salmonella, whereas the remaining two jected to the chemotaxis assay in the presence of third do not co-localize with bacteria. One gentamicin. BM-DCs that had traversed the memexplanation of our results is that Salmonellabrane were recovered and stained using rhodamine-harboring DCs produce cytokines that induce phalloidin (red). Confocal laser scanning microscopy maturation and migration of surrounding nonwas used to analyse the localization of intracellular infected DCs. Another explanation is that these the spread of pathogens. For example, OX-62-lymph nodes, where they then stimulate naive T cells for antigen-specific adaptive immunity [9, positive DCs serve as early cellular targets and vehicles of Listeria monocytogenes in a rat ligated [11] [12] [13] 28] . Here, we showed that upregulation of CCR7 occurs upon Salmonella-induced matileal loop model [25] . In addition, HIV can bind to the surface of DCs via a DC-specific lectin, uration of DCs. Induction of the CCR7 gene and surface expression of the receptor by DCs has named DC-SIGN. This binding does not result in viral entry into DCs, but allows transport of also been reported for other stimuli such as LPS, TNF, or CD40L [29] [30] [31] . The chemokines CCL19 the virus to lymphoid tissues and transmission to CD4-T cells [26] . Although it has been shown and CCL21, which signal through CCR7, are constitutively expressed in secondary lymphoid that Salmonella is taken up by mucosal DCs in the Peyer's patches or lamina propria [6, 8] , the tissues and seem to be particularly important for the establishment of normal lymphoid armigratory pathways of these Salmonella-harboring DCs in vivo are unknown. chitecture and trafficking patterns. Analysis of CCR7-deficient mice and mice deficient in Maturation of DCs has been described to be a general phenomenon observed in response CCL19 and CCL21 production exhibit disturbed lymphoid architecture and impaired immune to bacterial products, including whole bacterial lysates, LPS, lipoteichoic acid, and lipoarabino-responses [32] [33] [34] . It has been shown that CCL21 and CCR7 participate in the emigration of mamannan, or to viable bacteria regardless of their pathogenicity [24] (reviewed in [27] ). Our data ture DCs from the skin to regional lymph nodes [29] . These findings suggest that CCR7 upconfirm previous investigations showing that Salmonella induces the maturation of BM-DCs. regulation and migration to its cognate ligands CCL19 and CCL21 is a key event involved in The maturation process of DCs is intimately linked with their capacity to migrate. According the trafficking of mature DCs to secondary lymphoid tissues. to current models, immature DCs located in the skin and at the mucosal surfaces are activated
In order to present antigens and to prime naive T cells for antigen-specific adaptive immunity, on interaction with microbial products. As a consequence of antigen deposition and in-it is a prerequisite that DCs migrate to the T cell areas of secondary lymphoid organs [35] . flammation, DCs differentiate, acquire the mature phenotype, and migrate to the draining However, a number of recent studies have identified strategies of microbial pathogens to fresh medium with GM-CSF. The non-adherent cells were used for further experiments after suppress or subvert the immunostimulatory capacity of DCs (reviewed in [27] ). It has been 8 to 10 days of growth and maturation in the presence of GM-CSF. demonstrated that Salmonella is capable to interfere with or inhibit antigen presentation and T cell stimulation [24, 36, 37] . Modulation of the DC-T cell interaction by Salmonella may facili-Generation of rabbit anti-mouse CCR7 polyclonal antibodies tate bacterial spread in the host using DCs as vehicles. Although Salmonella does not multiply inside DCs, these cells may represent ideal vec-Two rabbits were immunized with an N-terminal peptide (sequence: DEVTDDYIGENTtors to target distant organs where the bacteria can replicate inside other host cells such as TVDYTLYESV) of CCR7. Before immunization the peptide was coupled to keyhole limpet macrophages. We hypothesize that Salmonella exploits the migratory capacity of DCs to estab-hemocyanide (KLH) and emulsified in complete Freund's adjuvants. The immunization was relish and disseminate the infection. Further work will be directed to understand the relevance of peated every fortnight in incomplete Freund's adjuvants. Antibody titres were tested by ELISA the process in vivo.
using the purified antigen. Specificity of the antisera was determined by Western blot analysis and flow cytomety. Flow cytometric analysis of mature MHC class II high BM-DCs but not
Materials and Methods
immature MHC class II intermediate BM-DCs showed in a highly specific surface staining that was Preparation and cell culture of bone marrow cells consistent with the analysis of CCR7 expression by RT-PCR (data not shown). Preimmune sera or irrelevant isotype-matched Abs served as con-BM-DCs were generated essentially according to a recently modified protocol by Lutz et al. that trols. Antisera were used after the third round of immunization. Peptide synthesis and imhas been adapted from the originally described method by Inaba et al. [38, 39] . In brief, femura munization protocol were carried out at a commercial facility (SIGMA Genosys, Cambridge, and tibiae were removed from 6-12 weeks old female BALB/c mice (Charles River Wiga, Sulz-U.K.). feld, Germany) kept under standard clean conditions in our own facilities. Both ends of the bones were cut with scissors and the bone mar-Bacterial infection row was flushed out with phosphate-buffered saline (PBS) under sterile conditions using a The S. typhimurium wild type strain NCTC12023 (National Culture Type Collection, Colindale, syringe with a 25-gauge needle. After washing in PBS 2×10 6 bone marrow cells were cultured U.K.) and the E. coli laboratory strain HB101 [40] were used in this study. Prior to infectio, bacteria in 100 mm bacteriological petri dishes containing 10 ml cell culture medium supplemented with were grown to stationary phase, diluted in PBS, opsonized for 30 min in PBS containing 20% 10% culture supernatant from Ag8653 myeloma cells transfected with the murine GM-CSF. normal mouse serum, added to the BM-DCs.
The multiplicity of infection (MOI) was adjusted One ml supernatant derived from this GM-CSF producing cell line was equivalent to 20 ng/ml by reading the culture density of an optical density of 600 nm and confirmed by plating recombinant murine GM-CSF as determined by ELISA (BD Biosciences, Heidelberg, Germany). for determination of colony-forming units (cfu).
Bacteria were centrifuged onto the BM-DCs The medium consists of RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum seeded in tissue culture plates and incubated for 60 min at 37°C, 5% CO 2 . After infection, cells (FCS), penicillin (100 U/ml), streptomycin (10 g/ml), 2 mM L-glutamine, 10 mM HEPES, were treated with gentamicin (100 g/ml) for 1 h, washed twice with PBS, and incubated for and 50 m 2-mercaptoethanol. At day 3 another 10 ml medium containing GM-CSF was added the indicated period of time in the presence of complete RPMI medium supplemented with to the plates. Bone marrow cultures were fed at day 6 and 8 by gently swirling the plates, 25 g/ml of gentamicin. The viability of the infected BM-DCs was assessed by trypan blue aspirating 50% of the medium, and adding back exclusion. To determine the number of in-primary antibodies, bone marrow cells were initially treated with anti-FcR II (CD16/CD32) tracellular bacteria, infected cells were washed three times with PBS and then lysed in 0.5% mAb (2.4G2) (BD Biosciences) or with 10% mouse serum. The isotype-matched controls inTriton X-100 in PBS. Serial dilutions of cell lysates were made in PBS and plated on Mueller-Hinton clude rat IgG2a, (R35-95) rat IgG2a, (R35-38), hamster IgG, group 1, (G235-2356), and agar plates for determination of cfu.
For visualization of intracellular bacteria, the hamster IgG, group 2, (Ha4/8), which were purchased from BD Biosciences. For CCR7 stain-S. typhimurium strain NCTC12023 constitutively expressing GFP (pFPV25.1) was used. The ing rabbit anti-mouse primary polyclonal Abs and donkey anti-rabbit Cy5-conjugated secnumber of BM-DCs containing intracellular bacteria was determined by using a fluorescence-ondary mAb (Dianova, Hamburg, Germany)
were used. FACS analysis was performed on a equipped inverted phase-contrast microscope (Axiovert, Zeiss, Gö ttingen, Germany). In ad-FACS Calibur (BD Biosciences). For FACS sorting of immature (CD11c positive, MHC class II low ) dition, the cytosceleton of BM-DCs was stained using rhodamine-phalloidin (Molecular Probes, and mature (CD11c positive, MHC class II high ) BM-DCs, a MOFLO cell sorter (Cytomation, FreiLeiden, The Netherlands). The slides were finally mounted with Mowiol (Hoechst, Frankfurt, Ger-burg, Germany) was employed. The efficacy of this procedure was controlled by staining for many) containing 1,2-diazabicyclo-2,2,2-octane (DABCO; Sigma) as an anti-fading reagent and CD11c, a marker not expressed on macrophages.
Various preparations used in this study conanalysed by confocal laser scanning microscopy (TCS-NT, Leica, Heidelberg, Germany) for the tained 98% CD11c-positive cells. presence of GFP-expressing Salmonella. Alternatively, intracellular bacteria were detected using commercially available polyclonal antisera Purification of RNA, cDNA synthesis, and RT-PCR analysis for chemokine receptor 7
(Difco, Augsburg, Germany).
To inhibit bacterial uptake BM-DCs were ex-expression by BM-DCs posed to bacteria in the presence of cytochalasin D (Sigma, Deisenhofen, Germany). This reagent Approximately 1-5×10 6 BM-DCs were homogenized in 1 ml of TRIzol (Gibco, Karlsruhe, was given at concentrations from 1 g/ml to 10 g/ml. Cytochalasin D was added to the cell Germany), and total RNA was isolated according to the instructions of the manufacturer by cultures approximately 1 h before infection and maintained throughout the initial 2 h of bacterial a single-step method originally developed by Chomczynski and Sacchi [41] . To remove coninfection. Subsequently, BM-DCs were washed three times with PBS to minimize the inhibitory taminating genomic DNA samples were subsequently digested with RNase-free DNase effects of cytochalasin D on cell migration.
As indicated, heat-killed S. typhimurium (Gibco). The integrity of the RNA was confirmed by denaturing agarose gel electrophoresis (data (HKS), LPS derived from S. typhimurium (Sigma), polystyrene beads (Sigma) of different sizes (0.1, not shown). The concentration of total cellular RNA was quantified by determination of optical 0.5 and 1.0 m), TNF (R&D Systems, Wiesbaden, Germany), and CD40L were added and cent-density at 260 nm (OD 260 ). Reverse transcription was performed by mixing 2 g of total cellular rifuged on seeded BM-DCs.
RNA in 10 l DEPC-treated ddH 2 0 containing 0.5 g of oligo(dT) (Gibco). This solution was incubated for 10 min at 65°C. Ten l of a solution FACS analysis and sorting of BM-DCs containing 4 l of 5×reverse transcriptase buffer (100 mM Tris-HCl (pH 8.3), 150 mM KCl, and Identification and characterization of BM-DCs was carried out using purified hamster anti-6 mm MgCl 2 ) (Gibco), 40 U of RNasin (Promega, Mannheim, Germany), 20 mm dithiothreitol mouse mAbs against CD11c (HL3) and CD80/ B7-1 (1G10), and rat anti-mouse mAbs against (Gibco), and 2 mM deoxynucleoside triphosphates (dNTP) was added and tubes were in-CD4 (RM4-5), CD8 (Ly-2), CD11b/Mac-1 (M1/ 70), CD45R/B220 (RA3-6B2), MHC II/I-A d and cubated for 60 min at 37°C. Finally, tubes were heated to 90°C for 5 min, and 180 l of dH 2 0 was I-E d (2G9), CD40 (3/23), and CD86/B7-2 (GL1) that were purchased from BD Biosciences. These added to the reaction mixture. Samples were stored at −20°C until further use. Five l of antibodies were either conjugated to PE-, FITC-, or Cy5. To block non-specific FcR binding of cDNA prepared as described above were added to 50 l of a solution consisting of 1 U of Am-was determined using the statistic program included in the GraphPad Prism program (version pliTaq DNA polymerase (Perkin Elmer, Vaterstetten, Germany), 200 M dNTPs, 200 nm 2.0, GraphPad Software, San Diego, CA, U.S.A.).
All experiments have been repeated at least sense and antisense primers, and 5 l of 10×PCR buffer (50 mM KCl, 10 mm Tris-HCl (pH 8.3), twice and revealed comparable results. and 1.5 mM MgCl 2 ; Perkin-Elmer). For detection of -actin, the sense primer 5′-TGG AAT CCT GTG GCA TCC ATG AAA C-3′ and antisense primer 5′-TAA AAC GCA GCT CAG TAA CAG Acknowledgements TCC G-3′ were used. For detection of CCR7, the PCR primers 5′-CAT CAG CAT TGA CCG CTA The authors thank Peter Rohwer for excellent tech-CGT-3′ (sense) and 5′-TAC GGA TGA TAA TGA nical assistance with the FACS sorting. We are grateful GGT AGC A-3′ (antisense) were employed. PCR to Manfred Lutz for critical reading of the manuscript. cycles consisting of denaturation (30 s at 94°C), CD40L transfected J558 cells and control cells were annealing (45 s at 60°C) and amplification (60 s kindly provided by Peter Lane. This work was supat 72°C) were carried out on a DNA thermal ported by grants from the Deutsche Forschungsgemeinschaft (HE 3269/1-1 and KO 1315/4-1).
cycler (GeneAmp⊂ PCR System 9600, PerkinElmer). To amplify the cDNA specific for -actin 22 cycles of the PCR reaction were performed, whereas 28 cycles were carried out to detect chemokine receptor mRNA expression. PCR am-References plification was started by an initial denaturation step (5 min at 94°C) and completed by a final
